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METHODS FOR PERFORATING GRAPHENE
USING AN ACTIVATED GAS STREAM AND
PERFORATED GRAPHENE PRODUCED
THEREFROM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority of U.S. Provisional Appli-
cation No. 61/613,938 filed Mar. 21, 2012, which 1s incor-

porated herein by reference.

FIELD OF THE INVENTION

The present invention generally relates to graphene, and,
more specifically, to methods for perforating graphene
sheets with a plurality of holes. More particularly, the

present invention 1s directed to graphene sheets with perfo-
rations and related methods to obtain apertures sized from 1

nm or less to 100 nm 1n size.

BACKGROUND OF THE INVENTION

Graphene has garnered widespread interest for use 1 a
number of applications due to its favorable mechanical and
clectronic properties. The electrical conductivity of gra-
phene can be influenced by the amount and type of chemical
functionalization on the graphene and the quantity of defects
in the graphene basal plane. Although pristine graphene
typically displays the highest electrical conductivity values,
it can sometimes be desirable to tune the electrical conduc-
tivity and adjust the band gap. Tailoring of the band gap can
be accomplished by introducing a plurality of defects (holes)

within the graphene basal plane. The band gap can be
influenced by both the size and number of holes present.

Perforated graphene has also been found to have filtering
capabilities. Indeed, it has been found that graphene with
appropriately sized apertures can remove sodium 1ons and
chlorine 1ons from water. This filtering capability 1s also
believed to be adaptable to gasses, particulates, solutes,
molecules and hydrocarbons, or any other nano-sized con-
stituent from a medium.

It 1s known that apertures may be made by selective
oxidation, by which 1s meant exposure to an oxidizing agent
for a selected period of time. It 1s believed that apertures can
also be laser-drilled. As described in the publication Nano
Lett. 2008, Vol. 8, no. 7, pg 1965-1970, the most straight-
forward perforation strategy is to treat the graphene film
with dilute oxygen i1n argon at elevated temperature. As
described therein, through apertures or holes 1n the 20 to 180
nm range were etched in graphene using 350 mTorr of
oxygen in 1 atmosphere (atm) argon at S00° C. for 2 hours.
The paper reasonably suggests that the number of holes 1s
related to defects 1n the graphene sheet and the size of the
holes 1s related to the residence time. This 1s believed to be
the preferred method for making the desired perforations in
graphene structures comprising a single sheet or multiple
sheets. The structures may be graphene nanoplatelets and
graphene nanoribbons. Thus, apertures 1n the desired range
can be formed by shorter oxidation times. Another more
involved method as described 1n Kim et al. “Fabrication and
Characterization of Large Avea, Semiconducting Nanoper-

forated Graphene Materials,” Nano Letters 2010 Vol. 10,
No. 4, Mar. 1, 2010, pp 1125-1131 utilizes a self assembling
polymer that creates a mask suitable for patterning using
reactive 1on etching. A P(S-blockMMA) block copolymer
forms an array of PMMA columns that form vias for the RIE
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upon redeveloping. The pattern of holes 1s very dense. The
number and size of holes 1s controlled by the molecular

weight of the PMMA block and the weight fraction of the
PMMA 1n the P(S-MMA). Either method has the potential
to produce a perforated graphene sheet or sheets.
Currently, there are no methods for reliably introducing
holes under about 2.5 nm 1n size to graphene. In the size
range of about 2.5 nm to about 10 nm, current techmques for
perforating graphene take many milliseconds per hole, and
there 1s no ability to form multiple holes in a single opera-
tion. Above about 10 nm, multi-step but laborious lithogra-
phy techniques can be used. None of these techniques are
amenable to 1mtroducing holes over a wide surface area.
In view of the foregoing, simple techniques that allow a
plurality of holes to be simultaneously introduced to a
graphene sheet and the ability to adjust the hole size would
be of considerable benefit 1n the art. The present invention
satisfies this need and provides related advantages as well.

SUMMARY OF THE INVENTION

In light of the foregoing, 1t 1s a first aspect of the present
invention to provide methods for perforating graphene using
an activated gas stream and perforated graphene produced
therefrom.

It 1s another aspect of the invention to provide a method
for perforating graphene, by exposing a stream of gas into
plasma to generate an activated gas stream, directing the
activated gas stream toward a graphene sheet, and perforat-
ing the graphene sheet with the activated gas stream.

In one embodiment of the above, the method controls
application of the activated gas stream to the graphene sheet
so as to obtain desired aperture sizes 1n the graphene sheet.

It 1s one aspect of the above embodiment to form a
composite sheet of the graphene sheet and a metallic sub-
strate prior to the perforating step, or to form a composite
sheet of the graphene sheet and a polymeric substrate after
the perforating step.

In another embodiment of the above, the method obtains
a desired aperture size of less than 5 nm in diameter.

In yet another embodiment of the above, the method
obtains a desired aperture size of less than 10 nm 1n
diameter.

In still another embodiment of the above, the method
obtains a desired aperture size of less than 1.5 nm 1n

diameter.

In still another embodiment of the above, the method
obtains desired aperture sizes ranging from about 0.5 nm to
about 1.5 nm 1n size.

Another embodiment of the above method adjusts an
amount of time the activated gas stream 1s applied to the
graphene sheet so as to obtain a desired range of aperture
S1ZES.

Still another embodiment of the above method adjusts a
stand ofl distance between the activated gas stream and the
graphene sheet so as to obtain a desired range of aperture
s1zes 1n the graphene sheet.

Yet another embodiment of the above method adjusts a
distance between the activated gas stream and the graphene

sheet so as to obtain a desired aperture size 1n the graphene
sheet.

A further embodiment of the above method adjusts a
contact residence time of the activated gas stream upon the
graphene sheet so as to obtain a desired aperture size in the
graphene sheet.
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Yet a further embodiment of the above method adjusts an
amount of plasma power applied to the activated gas stream
so as to obtain a desired aperture size in the graphene sheet.

Still a further embodiment of the above method selects
one of oxygen, nitrogen or combinations thereol as the
activated gas, and utilizes no more than 3% active gas in the
activated gas stream.

Another further embodiment of the above method obtains
a desired aperture size 1n the graphene sheet by adjusting at
least one of either an amount of time the activated gas stream
1s applied to the graphene sheet, a distance between the
activated gas stream and the graphene sheet, a contact
residence time of the activated gas stream upon the graphene
sheet, or an amount of plasma power applied to the activated
gas stream.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present disclo-
sure, and the advantages thereol, reference 1s now made to
the following descriptions to be taken in conjunction with
the accompanying drawings describing specific embodi-
ments of the disclosure, wherein:

FIG. 1 1s a plan representation of a perforated graphene
sheet:

FI1G. 2 shows an 1llustrative schematic demonstrating how
graphene can be perforated with an activated gas;

FIG. 3 shows a cross-sectional schematic diagram of a
composite sheet of graphene and a supporting metallic
substrate; and

FIG. 4 shows a cross-sectional schematic diagram of a
composite sheet of graphene and a supporting polymeric.

DETAILED DESCRIPTION

The present disclosure describes methods for mntroducing,
a plurality of holes into the basal plane of a graphene sheet.
The methods involve contacting a graphene sheet with an
activated gas that has been contacted with a plasma. And the
methods allow the number of holes and their size to be easily
adjusted.

Graphene sheets having a plurality of holes therein are
also described. Such graphene sheets will also be referred to
herein as “perforated graphene.” In some embodiments, the
holes can be about 5 nm in size or less. In some embodi-
ments, the holes can be about 10 nm 1n size or less. In some
embodiments, the holes can be about 100 nm 1n size or less.
In some embodiments, the holes can be about 10 nm 1n size
or more. And 1n other embodiments the holes can range from
about 0.5 nm to about 1.5 nm.

In some embodiments, composite materials containing a
polymer matrix and graphene sheets having a plurality of
holes therein are described.

The foregoing has outlined rather broadly the features of
the present disclosure in order that the detailed description
that follows can be better understood. Additional features
and advantages of the disclosure will be described herein-
after. These and other advantages and features will become
more apparent from the following description.

Graphene 1s a single-atomic-layer-thick layer of carbon
atoms, bound together to define a sheet 10 as shown 1n FIG.
1. The thickness of a single graphene sheet 1s approximately
0.2 to 0.3 nanometers (nm). Multiple graphene sheets can be
formed, having greater thickness and correspondingly
greater strength. Multiple graphene sheets can be provided
in multiple layers as the sheet 1s grown or formed. Or
multiple graphene sheets can be achieved by layering or
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4

positioning one sheet on top of another. For all the embodi-
ments disclosed herein, a single sheet of graphene or mul-
tiple graphene sheets may be used. Testing reveals that
multiple layers of graphene maintain their integrnity and
function as a result of self-adhesion. This improves the
strength of the sheet and in some cases tlow performance.
The carbon atoms of the graphene sheet define a repeating
pattern of hexagonal ring structures (benzene rings) con-
structed of six carbon atoms, which form a honeycomb
lattice of carbon atoms. An interstitial aperture 12 1s formed
by each six carbon atom ring structure in the sheet and this
interstitial aperture 1s less than one nanometer across.
Indeed, skilled artisans will appreciate that the interstitial
aperture 12 1s believed to be about 0.23 nanometers across
its longest dimension. Accordingly, the dimension and con-
figuration of the aperture 12 and the electron nature of the
graphene precludes transport of any molecule across the
graphene’s thickness unless there are perforations. This
dimension 1s much too small to allow the passage of either
water or 1ons. Formation of the perforated graphene sheet 10
with one or more perforations 14 are made as will now be

described.

The present disclosure 1s directed, 1n part, to graphene
sheets containing a plurality of holes therein (“perforated
graphene™). The present disclosure 1s also directed, in part,
to methods for introducing a plurality of holes into graphene
sheets. In addition, the present disclosure 1s also directed, 1n
part, to polymer composites containing graphene sheets
containing a plurality of holes therein.

Perforated graphene has a number of possible applications
including, for example, use as a molecular filter, use as a
defined band gap material, and use as an electrically con-
ductive filler material with tunable electrical properties
within polymer composites. Although a number of potential
uses for perforated graphene exist, there 1s no reliable way
of mtroducing holes to graphene 1n the size range of about
10 nm and under, and particularly about 5 nm and under.
Multi-step but laborious lithography techniques can be used
to fabricate holes greater than about 10 nm in size. No
techniques are presently suitable, however, for fabrication of
perforated graphene on the scale of square meters per minute
Or more.

In some embodiments, perforated graphene can be pre-
pared by contacting a graphene sheet with an activated gas.
Activated gases can include, but are not limited to, oxygen
or nitrogen that have been introduced into a plasma. In some
embodiments, the plasma can be an atmospheric pressure
plasma, such as an atmospheric pressure argon plasma or an
atmospheric pressure helium plasma.

In various embodiments, the activated gas can be con-
tacted with the graphene sheet for a length of time ranging
between about 0.1 seconds to about 120 seconds. Longer
contact times can be used, if desired. Factors that can
influence the hole size obtained include, for example, the
stand-ofl distance (i.e., the distance from the active gas
source to the graphene sheet), contact residence time, active
gas concentration, and the plasma power. The methods can
be suitable for perforating multiple square meters of gra-
phene sheets 1n a single operation. In any combination of
factors, a desired hole size can be obtained using an atmo-
sphere pressure plasma wherein the standofl values range
from 1 to 20 mm; a residence time ranges from 0.1 to 120
seconds; an active gas range from 0 to 3% of the total
amount of gas; and the applied plasma power ranges from 40
to 400 W/in”. In one embodiment holes of between 0.5 to
175 nm with a majority at 1.1 nm can be obtained by
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utilizing a stand-ofl distance of about 1 mm, about a 3
second residence time, and about a 1% nitrogen gas with a
power of about 80 W/in".

In some embodiments, the holes introduced to the gra-
phene sheet can be about 100 nm or less 1n size. In some
embodiments, the holes introduced to the graphene sheet can
be about 10 nm or less 1n size. In some embodiments, the
holes 1introduced to the graphene sheet can be about 5 nm or
less 1n size. In some embodiments, the holes introduced to
the graphene sheet can be about 2 nm or less 1n size. In some
embodiments, the holes introduced to the graphene sheet can
be about 1 nm or less 1n size. And 1n some embodiments the
holes can range from about 0.5 nm to about 1.5 nm.

In some embodiments, the holes introduced to the gra-
phene sheet can range from about 0.1 nm to about 100 nm
in si1ze. As previously mentioned, the interstitial aperture for
a graphene sheet 1s 0.23 nm. However, 1n some embodi-
ments a dangling carbon bond i1s not left from carbon
removal. As a result a H, OH, NH, NH2 or other terminus
1s provided which 1n turn results 1n hole diameter of 0.1 nm
that 1s smaller than the diameter of the interstitial aperture.
In some embodiments, the holes introduced to the graphene
sheet can range from about 0.1 nm to about 5 nm 1n size. In
some embodiments, the holes introduced to the graphene
sheet can range from about 0.1 nm to about 10 nm 1n size.
In some embodiments, the holes introduced to the graphene
sheet can range from about 0.5 nm to about 100 nm 1n size.
In some embodiments, the holes introduced to the graphene
sheet can range from about 0.5 nm to about 1.5 nm 1n size.
In some embodiments, the holes introduced to the graphene
sheet can range from about 0.5 nm to about 5 nm 1n size. In
some embodiments, the holes introduced to the graphene
sheet can range from about 0.5 nm to about 10 nm 1n size.
In some embodiments, the holes introduced to the graphene
sheet can range from about 1.5 nm to about 5 nm 1n size. In
some embodiments, the holes introduced to the graphene
sheet can range from about 1.5 nm to about 10 nm 1n size.
In some embodiments, the holes introduced to the graphene
sheet can range from about 1.5 nm to about 100 nm 1n si1ze.
In some embodiments, the holes introduced to the graphene
sheet can be about 10 nm or more 1n size.

FIG. 2 shows an 1illustrative schematic demonstrating,
how, utilizing the factors and their ranges previously men-
tioned, graphene can be perforated with an activated gas as
designated generally by the numeral 20. As shown 1n FIG.
2, an active gas stream 22, which may be oxygen or nitrogen,
can be exposed to plasma 24, which may be atmospheric
pressure argon or helium plasma, to create activated gas
stream 26. Activated gas stream 26 1s then allowed to
interact with graphene sheet 10 for a controlled length of
time from 0.1 seconds to 120 seconds. Interaction of acti-
vated gas stream 26 with graphene sheet 10 produces
perforated graphene sheet 30 having a plurality of holes 32
disposed therein. The periphery of the holes 32 supple-
mented with functional groups related to the process con-
ditions. The functional groups (1dentified as X i FIG. 2)
may be but are not limited to —H, —O, —OH, —N, —NH,
—NH2. It 1s to be recognized that the number and disposi-
tion of holes 32 1n FIG. 2 1s meant to be illustrative and
non-limiting. As discussed herein, the number and size of
the perforations introduced within the graphene sheet can be
modulated through varying a number of factors.

In some embodiments, as seen 1n FIG. 3, a graphene sheet
36, which 1s substantially the same as the graphene sheet 10,
can be contacted with the activated gas while on a growth
substrate 38 so as to form a composite sheet designated
generally by the numeral 40. In some embodiments, the
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growth substrate 38 can be a copper substrate. In a manner
similar to the previous embodiment, a gas stream activated
by plasma 1s projected on to the composite sheet 40 and a
plurality of appropriately sized apertures 42 are formed in
the graphene sheet 36. In some embodiments, the graphene
sheet 36 can be separated or transierred from the growth
substrate 38 to another substrate or matrix following the
introduction of holes thereto.
In some embodiments, as seen in FIG. 4, the perforated
graphene 30/36 1s transierred to a polymer matrix 48 to form
a polymer composite 50. The polymer matrix 48 of the
polymer composite 50 1s not particularly limited, and any
type of polymer matrix known 1n the art can be used. The
polymer matrix 48 includes a plurality of holes 52 which
need not be aligned with the apertures 42 of the graphene
sheet 36. Moreover, the holes 52 are typically much larger
than the apertures 42. The polymer matrix can be thermo-
plastic, thermosetting, or elastomeric. In some embodi-
ments, the polymer composites contaimng the perforated
graphene can be electrically conductive for use 1n sensor
applications. In various embodiments, an amount of the
perforated graphene within the polymer composites can
range between about 0.1% to about 90% by weight of the
polymer composite. Such an embodiment could be used to
separate CO2 from methane.
Based on the foregoing, the advantages of the present
invention are readily apparent. Utilizing the disclosed meth-
odology, a large number of consistently sized holes can be
obtained through a graphene sheet. As a result, the graphene
sheet can be provided with holes that reliably allow the
passage of certain nano-sized components while blocking
other components. As a result, graphene membranes used as
fluid/gas filters can be used 1n a wide variety of applications.
The disclosed process 1s also believed conducive for gen-
erating holes 1n graphene in a large scale manufacturing
Process.
Although the invention has been described with reference
to the disclosed embodiments, one having ordinary skill in
the art will readily appreciate that these are only 1llustrative
of the mvention. It should be understood that various modi-
fications can be made without departing from the spirit of the
invention. The mvention can be modified to incorporate any
number of variations, alterations, substitutions or equivalent
arrangements not heretofore described, but which are com-
mensurate with the spirit and scope of the mnvention. Addi-
tionally, while various embodiments of the invention have
been described, 1t 1s to be understood that aspects of the
invention may include only some of the described embodi-
ments. Accordingly, the invention 1s not to be seen as limited
by the foregoing description.
What 1s claimed 1s:
1. A method for perforating graphene, comprising:
exposing a stream ol gas to an atmospheric pressure
plasma to generate an activated gas stream downstream
of, and separated from, the atmospheric pressure
plasma, the stream of gas having a concentration of
active gas and the active gas being selected from one of
oxXygen, nitrogen or combinations thereof;

directing said activated gas stream separated from said
atmospheric pressure plasma toward a graphene sheet;
and

perforating said graphene sheet with said activated gas
stream.

2. The method according to claim 1, further comprising:

controlling application of said activated gas stream to said
graphene sheet to obtain desired aperture sizes 1n said
graphene sheet.
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3. The method according to claim 2, further comprising;:

forming a composite sheet of said graphene sheet and a
metallic substrate prior to said perforating step.

4. The method according to claim 2, further comprising;:

forming a composite sheet of said graphene sheet and a
polymeric substrate after said perforating step.

5. The method according to claim 1, further comprising:

obtaining a desired aperture size of less than 5 nm 1n
diameter.

6. The method according to claim 1, further comprising:

obtaining a desired aperture size of less than 10 nm in
diameter.

7. The method according to claim 1, further comprising:

obtaining a desired aperture size of less than 1.5 nm in
diameter.

8. The method according to claim 1, further comprising:

obtaining desired range of aperture sizes ranging from
about 0.5 nm to about 1.5 nm 1n size.

9. The method according to claim 1, further comprising:

adjusting an amount of time said activated gas stream 1s
applied to said graphene sheet so as to obtain a desired
range ol aperture sizes.

10. The method according to claim 1, further comprising:

adjusting a stand off distance between the genesis of said
activated gas stream and said graphene sheet so as to

obtain a desired range of aperture sizes 1n said graphene
sheet.
11. The method according to claim 1, further comprising:
adjusting a distance between the genesis of said activated
gas stream and said graphene sheet so as to obtain a
desired aperture size 1n said graphene sheet.
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12. The method according to claim 1, further comprising;:

adjusting a contact residence time of said activated gas
stream upon said graphene sheet so as to obtain a
desired aperture size 1n said graphene sheet.

13. The method according to claim 1 further comprising:

adjusting an amount of plasma power applied to said
activated gas stream so as to obtain a desired aperture
size 1n said graphene sheet.

14. The method according to claim 1, further comprising:

utilizing no more than 3% active gas in said activated gas
stream.

15. The method according to claim 1, turther comprising:

obtaining a desired aperture size 1n said graphene sheet by
adjusting at least one of the following:

an amount of time said activated gas stream 1s applied to
said graphene sheet;

a distance between the genesis of said activated gas
stream and said graphene sheet;

a contact residence time of said activated gas stream upon
said graphene sheet; and

an amount of plasma power applied to said activated gas
stream.

16. The method according to claim 9, wherein the time 1s

from 0.1 to 120 seconds.

17. The method according to claim 10, wherein the

standofl distance 1s trom 1 to 20 mm.

18. The method according to claim 11, wherein the plasma

power is from 40 to 400 W/in>.

19. The method according to claim 1, wherein the active

gas 1S OXygen.

20. The method according to claim 1, wherein the active

gas 1s nitrogen.
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